We have measured the nonlinear transport properties of two GaAs/Al x Ga 1Ϫx As quantum dots connected in series. At high source-drain bias the Coulomb oscillations develop a sharp overstructure. The behavior of this overstructure is studied as a function of the electrostatic potentials of the dots. The structure is shown to arise from the modulation of interdot tunneling that occurs as the quantum levels in the two dots are aligned and dealigned. ͓S0163-1829͑96͒05119-3͔
Quantum dots are lithographically patterned semiconductor structures in which electrons are confined on a submicrometer scale in all three dimensions. 1 This confinement leads to two quantum effects that strongly influence transport at low temperatures. The first effect is due to the quantization of charge. The change in the electrostatic potential of the dot when a single electron is added, ␦ϭe/C, results in Coulomb oscillations in the conductance versus gate voltage, with each oscillation corresponding to the addition of one more electron to the dot. The second effect is related to the quantization of energy. When the spacing ⌬E between individual quantum levels, or 0D states, of the dot becomes larger than kT, these states can also be seen in transport measurements. They are most directly observed when a large source-drain bias V sd Ͼ⌬E is applied to the device. 2 Features are then observed when the Fermi energy of the source or drain aligns with the energy levels of the dot.
More recently, attention has been focused on the properties of two quantum dots in close proximity ͑coupled quantum dots͒. The coupling between the two dots can be primarily Coulombic, meaning that the charge state of one dot influences the potential and hence the tunneling on or off the other dot. The effects of this coupling have been extensively studied in both metal and semiconductor dots, [3] [4] [5] [6] [7] [8] [9] primarily where the quantum level spacing is very fine (⌬EӶkT). For example, the single-electron turnstile 4 and pump 3 in metallic dots operate due to basic interdot Coulomb effects. These phenomena are now largely understood, with the exception of the effects of tunneling on interdot Coulomb interactions. 7 Transport through coupled quantum dots is also expected to be strongly influenced by the quantization of the energy levels of the individual dots. [10] [11] [12] [13] [14] [15] [16] [17] This is because the tunneling between the two dots is primarily elastic, requiring the energy state of one dot to align with the energy state of the other for conduction. Interdot tunneling, and hence transport through the entire system, should thus be a sensitive function of the alignment of the quantum levels of the dots. This has been observed in vertical coupled dot structures, [13] [14] [15] although the lack of electrostatic gates in vertical devices limits the ability to tune the levels of the two dots relative to one another.
In this paper we explore the effects of quantized energy levels on transport through two quantum dots in series, using a geometry where the potentials of the dots can be tuned independently. We observe that, with increasing ͉V sd ͉, the Coulomb oscillations develop an additional sharp overstructure. We examine how this overstructure changes when varying the electrostatic potentials of both dots independently. We conclude that the structure is due to the alignment and dealignment of the quantized 0D states of the two dots.
The device used has been described in detail elsewhere. 18 It is fabricated from a GaAs/Al x Ga 1Ϫx As heterostructure with an electron density of ϳ3.5ϫ10 11 electrons/cm 2 after illumination with an infrared diode at 4.2 K. The device consists of an etched narrow channel of width 0.8 m with five metal gates deposited over its width. In the experiments described here, the two outer gates were held at a positive voltage ͑100 mV͒ so that they did not influence transport. 19 The three inner gates were then used to define the two dots. Figure 1͑a͒ shows a diagram of the device, showing only the inner gates. The measurements were performed in a dilution refrigerator with a base temperature of ϳ30 mK. Several experimental runs were performed and the main features examined in this paper persisted after thermal cycling to room temperature. All measurements were carried out near filling factor ϭ4 ͑Bϭ3.7-4.0 T͒, where the energy-level spectra of the individual dots are regularly spaced. 20 The sourcedrain bias V sd was applied to the left lead, with the right lead held at ground. For all the data presented in this paper, V sd is negative and we will use the phrase ''increasing ͉V sd ͉'' to mean ''more negative V sd .'' First, the dots were measured individually and their properties determined using standard techniques. 2 The two dots were found to be nominally identical, with charging energies of e 2 /Cϭ0.3-0.5 meV and 0D level spacings of ⌬Eϭ80-100 eV. The capacitive couplings between the external voltages and the electrostatic potentials of the dots were also found. The constant ␣ i j ϵ⌬ i /⌬V gi relates the change in the electrostatic potential i of dot i to the voltage applied to the gate terminal j ͑or the source terminal s͒. These results can be summarized by the following relations for the changes in the electrostatic potentials:
where ␣ 11 ϭ␣ 22 ϳ0.3, ␣ 1s ϳ0.15, and ␣ 12 ϭ␣ 21 ϳ0.01. 21 Finally, the temperature of the electron gas was determined from the linewidths of the Coulomb oscillations to be ϳ100 mK.
Having characterized the individual dots, we now turn to the experimental results of the two dots in series. We begin by examining the low-bias ͑V sd ϭϪ20 V͒ conductance of the two-dot system. We apply fixed dc voltages to V g1 and V gm to define the left dot ͑dot 1͒ and sweep V g2 to create the right dot ͑dot 2͒. For V g2 Ͼ0 mV, Coulomb oscillations with a long period of ϳ25 mV are observed ͓Fig. 1͑b͔͒. In this region, the rightmost barrier is still transmitting and only dot 1 is formed. The electrostatic potential 1 is slowly swept due to the small cross capacitance between V g2 and dot 1, resulting in long-period Coulomb oscillations. For V g2 ϽϪ10 mV, additional rapid Coulomb oscillations are also observed, with a period ⌬V g2 ϳ1 mV. These are the Coulomb oscillations of dot 2, whose heights are modulated by an envelope function corresponding to the Coulomb oscillations of dot 1. The ratio of the periods of the fast and slow oscillations is about 25:1. Since this ratio is directly related to the ratio of ␣ 22 to ␣ 21 , this indicates that the cross capacitance between V g2 and dot 1 is small compared to the capacitance between V g2 and dot 2. Similar results were found when V g1 was varied. The gate voltages V g1 and V g2 thus tune the electrostatic potentials of the dots nearly independently.
We now examine the nonlinear properties of the two dots in the region where both dots are well formed. Figure 2 shows a series of measurements of I vs V g2 measured for increasing ͉V sd ͉. These peaks were measured in the region analogous to that marked by a bracket in Fig. 1͑b͒ . With increasing ͉V sd ͉ the Coulomb oscillations broaden and develop an overstructure in the form of additional peaks. The peaks linearly shift to slightly more negative V g2 values with increasing ͉V sd ͉, as shown by the dotted lines in Fig. 2 . The height of these extra peaks, once the peaks become fully developed, do not change appreciably with increasing ͉V sd ͉.
In Fig. 3͑a͒ the current through the two-dot system, measured on a different experimental run, is shown for a sourcedrain bias V sd ϭϪ350 V. The data are plotted in gray scale, with black corresponding to zero current, as a function of gate voltages V g1 and V g2 . A square array of nearly-rightangled triangles is observed. Each triangle corresponds to a finite-bias Coulomb oscillation. If the lower-left dark region represents the state where the two dots have an occupancy of M electrons in dot 1 and N electrons in dot 2, the lower-right triangle represents M ϩ1 and N electrons, and so on.
Note the white diagonal stripe that runs along the bottom edge of the triangles at a 45°angle; the point b is located on this stripe. Above and parallel to this primary stripe is a dark stripe, corresponding to a lower current; point c is located along this stripe. Further above is a second bright stripe, which is less well defined than the primary stripe; this stripe contains point d. These stripes correspond to the overstructure in Fig. 2 . A line trace along the V g2 ͑vertical͒ axis would show maxima and minima equivalent to the features seen in the I vs V g2 data of Fig. 2 .
We now discuss the origin of the finite-bias overstructure. In general, transport through the two-dot system involves three steps: tunneling onto the left dot, tunneling between the dots, and then tunneling off the right dot. Each of these processes must be energetically allowed for current to flow. In addition, the interplay of the rates for each process must be considered for a quantitative description of transport. In what follows, however, we will show that the major features of the data can be explained by considering only the interdot tunneling step.
Figures 3͑b͒-3͑d͒ show schematic potential profiles for the two-dot system at three different gate voltages for some number (M ,N) of electrons on dots ͑1,2͒. The electrochemical potential for adding an electron into energy level j of dot i will be denoted by i ( j). Within the standard Coulomb blockade approximation, i ( j) is the sum of the electrostatic energy Ϫe i and the single particle energy E j :
The lowest unfilled quantum state for N (M ) electrons on dot 1 ͑2͒ is E Nϩ1 (E M ϩ1 ). This state will be labeled 0 ͑0Ј͒ and referred to as the ''ground'' state for that particular electronic configuration (M ,N) . Similarly, the higher unfilled states, referred to as excited states, are labeled 1,2,... ͑1Ј,2Ј,...͒.
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In Fig. 3͑b͒ the ground-state electrochemical potentials of the two dots are aligned, 1 ͑0͒ϭ 2 ͑0Ј͒. Current can flow when an electron tunnels from the left lead into the ground state of the first dot ͑state 0͒, then tunnels to the ground state of the second dot ͑0Ј͒, and finally into the right reservoir. If V g2 is increased ͓Fig. 3͑c͔͒, the ground states of the dots are taken out of alignment. Elastic tunneling between the two dots is suppressed and the current drops. As V g2 is further increased, at some point, 1 ͑0͒ aligns with 2 ͑1Ј͒ ͓Fig. 3͑d͔͒ and the current increases again.
The sharp peaks in the Coulomb oscillations of Fig. 2 are thus due to the tunneling processes indicated on each peak; for example, 0-1Ј corresponds to the peak in current as a result of the ground state of dot 1 ͑0͒ aligning with the first excited state of dot 2 ͑1Ј͒. The spacing ⌬E between energy levels on dot 2 can be deduced from the spacing ⌬V g2 between the 0-0Ј and 1-0Ј resonances on any Coulomb oscillation in conjunction with Eq. ͑1͒. We obtain ⌬Eϳ90 eV, in agreement with single-dot measurements.
Similar arguments can be used to explain the stripes in Fig. 3 . Along these stripes, the electrostatic energies of the two dots change by the same amount, i.e., ⌬ 1 ϭ⌬ 2 , so the energy levels in the dots maintain the same orientation with respect to each other. If the levels are aligned at one point on the stripe, they are aligned at every other point on the stripe. The primary stripe (b) corresponds to the alignment of the ground-state potentials of the two dots, 1 ͑0͒ϭ 2 ͑0Ј͒. The dark stripe (c) corresponds to dealignment and the fainter bright stripe (d) to the 1 ͑0͒ϭ 2 ͑1Ј͒ alignment. 22 To further illustrate how these alignment peaks develop, we will examine the rightmost oscillation in Fig. 2 ͑at V g2 ϳ3.5 mV͒. At low bias, only one peak, corresponding to 1 ͑0͒ϭ 2 ͑0Ј͒, is observed. Note that the amplitude of this 0-0Ј peak does not change significantly with increasing bias, but simply shifts to slightly lower V g2 . The insensitivity of the height to V sd is strong evidence for transport through individual quantized levels. 2 As long as 1 ͑0͒ϭ 2 ͑0Ј͒, and 1 ͑0͒ and 2 ͑0Ј͒ are below L , the Fermi level of the left lead, and above R , the Fermi level of the right lead, tunneling can occur. Since the interdot tunneling is through single levels, increasing the bias does not increase the current. Increasing ͉V sd ͉ simply shifts 1 , and hence 1 ͑0͒, by ␣ 1s ͉V sd ͉. From Eqs. ͑1͒ and ͑2͒, the conditions 1 ͑0͒ϭ 2 ͑0Ј͒ therefore shifts to a higher energy or, equivalently, a lower V g2 .
The rate of the shift is given by ⌬V g2 /⌬͉V sd ͉ϭ␣ 1s /␣ 11 ϳ2, using values from single-dot measurements. This value is in reasonably good agreement with the slope of the dashed lines ͑ϳ2.5͒ in Fig. 2 .
Increasing ͉V sd ͉ does lead to the appearance of new transport channels however. The 0-1Ј peak becomes visible when 1 ͑0͒ϭ 2 ͑1Ј͒ and 2 ͑0Ј͒Ͼ R . If 2 ͑0Ј͒Ͻ R an electron will permanently reside in the 0Ј state of dot 2, blocking the current. The 0-1Ј peak thus appears to the right of the 0-0Ј peak when the source drain bias raises the condition 1 ͑0͒ϭ 2 ͑1Ј͒ more than a level spacing ⌬E above R . Similar arguments can be used to explain the behavior of the overstructure on the other peaks in Fig. 2 .
The above results clearly show that the relative alignment of the 0D states of the two dots strongly influences tunneling. There are unresolved questions, however, concerning the degree of phase coherence of the electron as it tunnels FIG. 3 . ͑a͒ Gray-scale plot of the current through the double-dot system at high bias ͑V sd ϭϪ350 V͒ as a function of V g1 and V g2 . The charge states of the two-dot system are as indicated. The diagonal stripes are due to alignment of energy levels in the two dots. ͑b͒ Energy-level diagram showing where ground-state energy levels in the dots are aligned and current can flow. ͑c͒ De-alignment of the levels in the two dots, leading to a suppression of current. ͑d͒ Alignment of the ground state of dot 1 with an excited state of dot 2, leading to an increase in current.
through the two dot system. Because of the equal level spacing of the two dots, the measurements cannot easily distinguish between fully elastic transport and transport where an electron relaxes inelastically between successive tunneling steps. Further, the conductance peak overstructure measured here is relatively broad, with widths on the same order as the single-dot Coulomb oscillations. This broadening can arise from a variety of unwanted sources, such as photon-assisted tunneling 18 due to background noise, in addition to intrinsic mechanisms. This makes it problematic to relate the observed peak widths to the lifetimes of the quantum states. Additional experiments are necessary to help clarify these issues.
In conclusion, we have studied transport through two lateral quantum dots in series. We find that the interdot tunneling rate, and thus the current, is strongly influenced by the alignment and dealignment of the 0D levels of the two dots.
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